A novel three-dimensional x-ray imaging method has been developed by combining a phase-contrast x-ray imaging technique with x-ray computed tomography. This phase-contrast x-ray computed tomography (PCX-CT) provides sectional images of organic specimens that would produce absorption-contrast x-ray CT images with little contrast. Comparing PCX-CT images of rat cerebellum and cancerous rabbit liver specimens with corresponding absorption-contrast CT images shows that PCX-CT is much more sensitive to the internal structure of organic specimens. 0 2995 American Institute of Physics.
INTRODUCTlON
It is difficult to obtain high-contrast x-ray transmission images of organic matter because x-ray absorption coefficients of light elements are extremely small. Phase-contrast x-ray imaging using an x-ray interferometer,im4 on the other hand, is attractive for observing structure inside organic matter because even light elements cause x-ray phase shifts that are large enough to be detected. By calculating the x-ray phase shift and absorption at the atomic level, phase-contrast x-ray imaging has been estimated to be more than a hundred times as sensitive to light elements as absorption-contrast x-ray imaging. Phase-contrast x-ray imaging is therefore expected to be useful for investigating microstructure inside biological specimens and organic materials without staining them with a contrast medium. In addition, the x-ray dose on a specimen is much reduced because of the high sensitivity. Figure 1 shows an experimental setup for PCX-CT. A triple Laue-case x-ray interferometer cut monolithically from a Fz-Si ingot was used to obtain an interference pattern. We used synchrotron radiation from a bending section of a 2.5-GeV storage ring of the Photon Factory at the National Laboratory for High Energy Physics. The synchrotron radiation was monochromatized at 0.92 A with a double-crystal monochromator. When the incident x-ray beam on the interferometer satisfies the Bragg diffraction condition, an object beam and a reference beam are created as shown in Fig. 1 . The beam flux of the object beam was 10' photons s-l mm-'. An interference pattern was detected with an x-ray sensing pickup tube,7 and the maximum size of the observation area was 5X5 mm.
For three-dimensional observation of organic matter we have been developing phase-contrast x-ray computed tomography (PCX-CT).' PCX-CT uses an x-ray interferometer to detect the x-ray phase shift caused by a specimen. The x-ray phase shifts are read from interference patterns and are input into a CT algorithm. We used the fringe scanning method6 to read the phase shift precisely from several interference patterns obtained by varying the external phase shift. This method determines the sign of the phase shift between neighboring interference fringes, and the phase shifts less than 27r are also obtained.
Aliquid cell for wet specimens shown in the inset of Fig.  1 was fixed to the sample rotation stage and inserted in the object beam path. The cell was filled with 10% formalin and only the specimen was rotated against the object beam.
This cell also avoided decreasing the visibility of the interference pattern. If a specimen is observed in air, a large beam deflection occurs because the refractive indices of the specimen and air differ considerably. This deflection degrades the beam coherency between the object and reference beams, reducing the fringe visibility.5 As a result, the phase shift is not determined precisely from the interference patterns. The use of the liquid cell therefore is effective for avoiding errors in the image processing.
By using the phase shift images obtained at different angular settings of the specimen, a PCX-CT image is reconstructed. Because the phase shift is a projection of the refractive index decrement 3, a PCX-CT image indicates the 6 distribution inside the specimen.
A wedge-shaped phase shifter made of acrylic resin was inserted in the reference beam path, and the external phase shift was varied by moving the phase shifter vertically.
Ill. IMAGE PROCESSING
We used PCX-CT to observe specimens of rat cerebel-A PCX-CT image is reconstructed by inputting the phase lum and cancerous rabbit liver fixed in 10% formalin. Comshift into a CT algorithm, and we used the fringe scanning paring these images with the corresponding absorptionmethod" to determine the phase shift from the interference contrast CT images demonstrated the higher sensitivity of patterns. Several interference patterns were obtained by PCX-CT.
changing the external phase shift step by step. If the external II. OPTICAL SYSTEM i plastic windows * '"I"' p---alin 2 rotation phase shift varies by 21r over a total of M steps, the phase shift 4, is obtained by extracting the imaginary part of the term Cl?
where Ik is the interference pattern at the kth step. From the as obtained from the different projection directions by rotating the specimen, a PCX-CT image is reconstructed. For the CT algorithm, we used the convolution backprojection method.
IV. RESULTS AND DISCUSSION
The specimens were fixed in 10% formalin and were cut into the size to come into the observation field. Interference patterns were collected by varying the external phase shift in steps of 2~15. Thus, one phase shift image was obtained from five interference patterns. The phase shift images were measured at 100 different angular settings of the specimen. The specimens were exposed to the x-ray beam for 14 s to obtain one interference pattern.
Figure 2(a) shows a PCX-CT image of a rat cerebellar specimen. The slice thickness of the sectional image was 25 ,um. Figure 2(b) shows the absorption-contrast CT image of the same specimen. This image was reconstructed by inputting the real part of the term (1) into a CT algorithm. Phasecontrast and absorption-contrast CT images were thus compared at the same x-ray dose. The layer structure of the cerebellum is obvious in the PCX-CT image but not in the absorption-contrast CT image. Figure 3 is a PCX-CT image of a cancerous rabbit liver. in the upper-right area of the image. The bright and dark areas inside the tumor might distinguish degenerative and active cells. In the absorption-contrast CT image of the same specimen (not shown) no clear structure was observed. If. CONCLUSION
A novel x-ray computed tomography that derives image contrast from the phase shift was presented. Because the x-ray phase shift caused by light elements can be detected even when their absorption is almost zero, high sensitivity of PCX-CT to organic specimens was demonstrated. Structures in rat cerebellum and rabbit liver tumor were observed without staining the specimens with a contrast medium.
